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Description 
[Microelectromechanical Devices] 

Cross Reference to Related Applications 

[0001] This is a continuation-in-part of U.S. Serial No. 

09/946,249, filed September 5, 2001, which is a continu- 
ation-in-part of U.S. Serial No. 09/404,092, entitled 
"Switches for Use in Tools, "filed September 23, 1999; U.S. 
Serial No. 09/946,249 also claims the benefit under 35 
U.S.C. § 119(e) of U.S. Provisional Patent Application Serial 
No. 60/230,077, entitled, "MICRO-SWITCHES FOR DOWN- 
HOLE USE,"filed on September 5, 2000. 
Background of Invention 

[0002] Th e invention relates to microelectromechanical devices. 

[0003] | n forming a well, many different types of operations may 
be performed, including drilling, logging, completion, and 
production operations. Various different types of devices 
are used to perform the desired operations. Examples of 
such devices include perforating guns to perform perfo- 
rating operations, flow control devices to control fluid 



flow (injection or production), packers to isolate different 
regions of the well, and other devices. 

[0004] The activating mechanisms to activate such devices may 
include mechanical, hydraulic, and electrical activating 
mechanisms. To electrically activate a downhole device, a 
power source is connected to the downhole device. This is 
typically accomplished by using switches, either at the 
surface or in a downhole module. The switch is initially 
open to isolate the power source from the downhole de- 
vice. When activation is desired, the switch is closed to 
provide electrical power to the downhole device. 

[0005] | n wellbore applications, one type of switch is made from 
a gas discharge tube, also known as a spark gap switch, 
that is either a triggered-type or over-voltage type switch. 
A triggered-type switch employs an external stimulus to 
close the switch or to activate it. An over-voltage switch is 
activated whenever the voltage level across the switch ex- 
ceeds a threshold value. 

[0006] Some switches employ a gas tube having an electrode at 
each end. In order to make the switch conduct electrical 
current, either a trigger voltage is applied to a third elec- 
trode, or the switch is forced into conduction as a result 
of an over-voltage condition. Since the typical gas tube 



discharge switch is arranged in a tubular geometry, it is 
usually associated with a relatively high inductance be- 
cause of relatively long conduction path lengths. Also, the 
tubular shape of a gas tube does not allow convenient re- 
duction of the overall size of a switch. Additionally, it may 
be difficult to package and integrate the gas tube switch 
with other components. 

[0007] Another type of switch includes an explosive shock 

switch. The shock switch is constructed using a flat flexi- 
ble cable having a top conductor layer, a center insulator 
layer, and a bottom conductor layer. A small explosive 
may be detonated on the top layer causing the insulator 
layer to form a conductive ionization path between the 
two conductor layers. One variation of this is a "thumb- 
tack" switch in which a sharp metal pin is used to punch 
through the insulator layer to electrically connect the top 
conductive layer to the bottom conductive layer. The 
thumbtack switch is similar to the explosive switch but it 
may not be reliable because, as it punches a hole, the 
"thumbtack" may simply bend the insulation layer along 
with it, so that the thumbtack may fail to make a connec- 
tion between layers. 

[0008] Switches can also be used in other applications and other 



fields, such as in military, medical, manufacturing, com- 
munications, computers, consumer electronics, construc- 
tion, demolition, seismic, and mining applications to safe- 
guard electronic components by quickly shunting danger- 
ous voltage and current surges to ground, to activate 
electrical devices, or initiate explosive devices. Many such 
switches are associated with various shortcomings as de- 
scribed above. 
Summary of Invention 

[0009] | n general, according to one embodiment, an apparatus 
includes a switch having microelectromechanical ele- 
ments, the microelectromechanical elements including a 
sealed chamber containing a dielectric element, and con- 
ductors in the sealed chamber. The conductors are ar- 
ranged such that application of greater than a predeter- 
mined voltage causes breakdown of the dielectric element 
to provide an electrically conductive path between the 
conductors. 

[0010] | n general, according to another embodiment, a switch in- 
cludes at least two conductors and a nanotube electron 
emitter to form at least part of an electrically conductive 
path between the at least two conductors. 

[0011] other features and embodiments will become apparent 



from the following description, from the drawings, and 

from the claims. 
Brief Description of Drawings 

[0012] pig. 1 illustrates an embodiment of a tool string for use in 
a wellbore. 

[0013] pig. 2A is a schematic diagram of an exploding foil initia- 
tor (EFI) trigger circuit in accordance with an embodiment 
useable in the tool string of Fig. 1. 

[0014] Fig. 2B illustrates a side view of the EFI trigger circuit of 
Fig. 2A. 

[0015] Fig. 3 illustrates an embodiment of a micro-switch includ- 
ing a microelectromechanical tack. 

[0016] Figs. 4A-4B illustrates another embodiment of a micro- 
switch having an electrode tethered by a frangible ele- 
ment. 

[0017] Fig. 5 illustrates yet another embodiment of a micro- 
switch having parallel plates and a dielectric layer capable 
of breaking down in response to an applied electrical cur- 
rent. 

[0018] Fig. 6 illustrates a further embodiment of a micro-switch 
including a bistable element. 

[0019] Figs. 7A-7D illustrates yet a further embodiment of a mi- 
cro-switch that includes a chamber containing a dielectric 



gas. 

[0020] pig. 8 illustrates another embodiment of a micro-switch 
including a moveable electrode. 

[0021] pig. 9 is a cross-sectional view of a micro-switch accord- 
ing to another embodiment that includes a spark gap and 
laterally spaced apart conductors that define a portion of 
the spark gap. 

[0022] Fig. 10 is a top view of the micro-switch of Fig. 9. 

[0023] Fig. 11 is another embodiment of the micro-switch that is 
similar to the micro-switch of Fig. 9 except a trigger elec- 
trode is added to the micro-switch of Fig. 11. 

[0024] Fig. 12 is a cross-sectional view of a micro-switch ac- 
cording to a further embodiment that provides a dielectric 
layer with limited openings to define the spark gap. 

[0025] Fig. 13 is a cross-sectional view of another micro-switch 
that is similar to the micro-switch of Fig. 12 except the 
micro-switch of Fig. 13 includes provision of a trigger 
electrode. 

[0026] Fig. 14 is a top view of the micro-switch of Fig. 13. 

[0027] Fig. 15 is a cross-sectional view of a micro-switch ac- 
cording to yet a different embodiment that employs nan- 
otube electron emitters. 



[0028] pig. 16 is a cross-sectional view of a micro-switch ac- 
cording to yet another embodiment. 
[0029] pig. 17 illustrates nanotube electron emitters formed on a 

support structure. 
Detailed Description 

[0030] | n the following description, numerous details are set 

forth to provide an understanding of the present inven- 
tion. However, it will be understood by those skilled in the 
art that the present invention may be practiced without 
these details and that numerous variations or modifica- 
tions from the described embodiments may be possible. 
For example, although reference is made to micro- 
switches used for wellbores, such micro-switches (or 
other types of microelectromechanical devices) can be 
used for other applications, such as seismic, mining, mili- 
tary, medical, manufacturing, communications, comput- 
ers, consumer electronics, construction, and demolition 
applications, and so forth. 

[0031] As used here, the terms "up"and "down" "upper"and 

"lower" "upwardly"and downwardly" "above"and "below"; 
and other like terms indicating relative positions above or 
below a given point or element are used in this descrip- 
tion to more clearly describe some embodiments of the 



invention. However, when applied to equipment and 
methods for use in wells that are deviated or horizontal, 
or when such equipment are at a deviated or horizontal 
orientation, such terms may refer to a left to right, right to 
left, or other relationship as appropriate. 
[0032] Referring to Fig. 1, a downhole tool 10, which may include 
a perforating gun 15 as one example, is lowered through 
a tubing 7 positioned in a wellbore 8 that is lined with a 
casing 9. A packer 6 is set between the tubing 7 and the 
casing 9 to isolate the tubing-casing annulus. The down- 
hole tool 10 is run on a carrier 12, which may be a wire- 
line, slickline, tubing, or other carrier. Certain types of 
carriers 12 (such as wirelines) may include one or more 
electrical conductors 13 over which power and signals 
may be communicated to the downhole tool 10. The per- 
forating gun 15 shown in Fig. 1 includes a plurality of 
shaped charges 20. In one embodiment, such shaped 
charges 20 may be detonated by use of initiator devices 
22 that are activated by a command, issued from the well 
surface, which may be in the form of electrical signals 
sent over the one or more electrical conductors 13 in the 
carrier 12. Alternatively, the command may be in the form 
of pressure pulse commands or hydraulic commands. The 



initiator devices 22 may be electrically activated by signals 
communicated over one or more electrical lines 24. 

[0033] other implementations of the downhole tool 10 may in- 
clude packers, valves, plugs, cutters, or other devices. 
Thus, in these other implementations, the command is- 
sued from the well surface may activate control modules 
to set packers, to open and close valves, or to actuate or 
release other devices. To activate a device in the downhole 
tool 10, switches may be provided to connect an electrical 
signal or electrical power to the device. For example, to 
initiate an explosive, the initiator device 22 may include a 
switch and an exploding foil initiator (EFI) circuit. 

[0034] | n accordance with some embodiments, switches may in- 
clude microelectromechanical elements, which may be 
based on microelectromechanical system (MEMS) technol- 
ogy. MEMS elements include mechanical elements, which 
are moveable by an input energy (electrical energy or 
other type of energy). MEMS elements are microscopic- 
scale elements formed with micro-fabrication techniques, 
which may include micromachining on a semiconductor 
substrate (e.g., silicon substrate). In the micromachining 
process, various etching and patterning steps may be 
used to form the desired micromechanical parts. Some 



advantages of MEMS elements are that they occupy a 
small space, require relatively low power, are relatively 
rugged, and may be relatively inexpensive. 
[0035] Switches according to other embodiments may be made 
with microelectronic techniques similar to those used to 
fabricate integrated circuit devices. As used here, switches 
formed with MEMS or other microelectronics technology 
are generally referred to as "micro-switches." Elements in 
such micro-switches may be referred to as "micro-ele- 
ments, "which are generally elements formed of MEMS or 
microelectronics technology. Generally, switches or de- 
vices implemented with MEMS technology are referred to 
as "microelectromechanical switches. "[0016]ln one em- 
bodiment, micro-switches may be integrated with other 
components, such as EFI circuits to initiate explosives. In- 
tegrated components are contained in smaller packages, 
which enable more efficient space utilization in a wellbore. 
As used here, components are referred to as being "inte- 
grated" if they are formed on a common support structure 
placed in packaging of relatively small size, or otherwise 
assembled in close proximity to one another. Thus, for 
example, a micro-switch may be fabricated on the same 
support structure as the EFI circuit to provide a more effi- 



cient switch because of lower effective series resistance 
(ESR) and lower effective series inductance (ESL). The mi- 
cro-switch may also be formed on a common substrate 
with other components to achieve more efficient packag- 
ing. 

[0036] Referring to Fig. 2A, according to one embodiment, a ca- 
pacitor discharge unit (CDU) includes an energy storage 
capacitor 202 that is chargeable to a trigger voltage level. 
The capacitor 202 provides a local energy source to pro- 
vide activating energy. The capacitor 202 is connected to 
a micro-switch 204 that may be activated on to a closed, 
or conducting, state by a trigger voltage V or trigger 

trigger 

current I . When the switch 204 is closed, activating 

trigger 

energy is coupled to an EFI circuit 206 to activate the EFI 
206. 

[0037] An EFI circuit typically includes a metallic foil connected to 
a source of electric current, such as the energy storage 
capacitor 202. A reduced neck section having a very small 
width is formed in the foil, with an insulator layer placed 
over a portion of the foil including the neck section. When 
a suitably high current is applied through the neck section 
of the foil, the neck section explodes or vaporizes. This 
causes a small portion of material, called a flyer, to shear 



away from the insulator layer. The flyer then travels 
through a barrel to impact an explosive to initiate a deto- 
nation. 

[0038] a side view of the circuit depicted in Fig. 2A is shown in 
Fig. 2B. The capacitor 202 is mounted on a first surface 
210 of a substrate 216, while the micro-switch 204 and 
EFI 206 are mounted on an opposite surface 212 of the 
substrate 216. Alternatively, the capacitor 202 can be 
mounted on the same surface as the micro-switch 204 or 
EFI 206. The capacitor 202, the micro-switch 204, and the 
EFI 206 are electrically connected together by electrically 
conductive paths, or traces, which are routed in the sub- 
strate 216. 

[0039] | n other embodiments, instead of the EFI 206, other types 
of electrically activated initiators can be used, such as ex- 
ploding bridgewire (EBW) initiators, semiconductor bridge 
(SCB) initiators, and so forth. Also, alternatively, instead of 
the capacitor 202, other types of local energy sources can 
be employed. The micro-switches discussed herein can 
also be used in other downhole applications, such as in 
control devices, sensor devices, analog and digital cir- 
cuits, and data networks. Alternatively, the micro- 
switches can be used in seismic, mining, or other applica- 



tions. 

[0040] The following describes various embodiments of micro- 
switches. Such micro-switches are useable in the CDU of 
Fig. 2A, or alternatively, they may be used to connect 
electrical energy to other types of components, whether 
used in a downhole environment or in another application 
(e.g., seismic or mining). 

[0041] Referring to Fig. 3, according to an embodiment, a MEMS 
switch 300 is activable by a MEMS tack 302. In this em- 
bodiment, the MEMS tack 302 replaces the thumbtack ac- 
tuator used in some conventional thumbtack switches. 
The switch 300 includes top and bottom conductor layers 
304 and 308 that sandwich an insulating layer 306. The 
conductors 304 and 308 may each be formed of a metal 
or some other suitable conductive material. The insulator 
layer 306 may include a polymer material such as a poly- 
imide film, as an example. The MEMS tack 302 may be 
placed over the top conductor layer 304. When actuated, 
such as by an applied trigger voltage V having a pre- 

trigger 

determined amplitude, an actuator 303 releases the MEMS 
tack 302 to move through the layers 304 and 306 to con- 
tact the bottom conductor layer 308. This electrically cou- 
ples the top and bottom conductors 304 and 308 to acti- 



vate the switch 300. Thus, the electrically conductive layer 

304 may be driven to a drive voltage V , while the elec- 
tive 

trically conductive layer 308 is connected to the compo- 
nent to be activated (e.g., the EFI circuit 206 of Fig. 2). 

[0042] | n one embodiment, a preformed bore 307 may already be 
present in the layers 304 and 306 through which the 
MEMS tack 302 may travel. In another embodiment, the 
MEMS tack 302 may have a sharp tip to puncture through 
the layers 304 and 306 to reach the layer 308. 

[0043] | n 0 ne arrangement, the actuator 303 includes moveable 
support elements 315 that support the tack 302 at an en- 
larged flange portion 312. The support elements 315 
when withdrawn from the tack flange portion 312 allow 
the tack 302 to drop into the bore 307. The support ele- 
ments 315 may be radially moveable by a MEMS gear 
mechanism 303. When an electrical energy is applied, the 
MEMS gear mechanism 303 radially retracts the support 
elements 315 from the tack 302 to enable it to drop into 
the bore 307 to electrically connect the conductors 304 
and 308. In an alternative arrangement, instead of retract- 
ing the support from the tack 302, a MEMS gear mecha- 
nism 303 may be employed to drive the tack 302 into the 
bore 307. 



[0044] The layered structure making up the micro-switch 300 

may be formed on a substrate 310, which may be a semi- 
conductor, insulator, or other substrate. In one example, 
the substrate 310 may be a silicon substrate. The conduc- 
tor layer 308 is first deposited on the substrate 310, fol- 
lowed by the insulator layer 306 and the next conductor 
layer 304. The bore 307 may be patterned by an 
anisotropic etch through the layers 304 and 306. The 
MEMS structure including the tack 302 and the actuator 

303 may then be formed on top of the conductor layer 

304 over the bore 307. 

[0045] Referring to Figs. 4A-4B, according to another embodi- 
ment, a micro-switch 500 includes a first substrate 502 
and a second substrate 504. The first substrate 502 and 
the layers formed over it are actually shown upside down 
in Figs. 4A-4B. In forming the micro-switch 500, the two 
substrates 502 and 504 are independently patterned, with 
one flipped upside down to face the other one. 

[0046] An insulator layer 506 (e.g., a nitrite or S N layer) is 

x y 

formed over a surface of the substrate 502. A conductive 
line 510 (e.g., a metal layer fabricated using a metal such 
as aluminum, nickel, gold, copper, tungsten, or titanium) 
is formed on the insulator layer 506. A plurality of tethers 



516, each made of a semiconductor material such as 
doped silicon of selected resistivity, may then be formed 
on the substrate 502 for supporting a conductive plate 
514, which may be made of a metal such as aluminum, 
nickel, gold, copper, tungsten, or titanium. The tethers 
516 are bonded to the conductive plate 514 at the contact 
points between the tethers 516 and plate 514. The tethers 
516, when exposed to a relatively large electrical current, 
disintegrate or otherwise break to allow the conductive 
plate 514 to drop through the gap 515 to contact a con- 
ductive layer 512 formed over the substrate 504. Thus, 
effectively, the tethers 516 are frangible elements that 
break apart in response to application of an electrical 
voltage or current. 
[0047] As shown in Fig. 4B, the tethered plate 514 has a bent 

portion 517 that allows it to be electrically connected to a 
bond pad 519 formed over the substrate 502. The bond 
pad 519 may be contacted to a lead finger, for example, 

that provides a drive voltage V to the tethered con- 
drive 

ductive plate 514. The tethers 516 are contacted to the 
conductive line 510, which in turn may be connected to 
another bond pad 521 that receives a trigger current I 

trigger" 



[0048] | n operation, the conductive plate 514 is driven to a drive 
voltage V . When the micro-switch 500 is to be closed 

drive 

(or activated), a trigger current I is applied through 

trigger 

the conductive line 510, which breaks or disintegrates at 
least a portion of the tethers 516. This allows the conduc- 
tive plate 514 (which is at the drive voltage V ) to drop 

drive 

to contact the conductive layer 512, thereby driving the 
voltage V to the drive voltage V . The conductive layer 

a o 3 drive 7 

512 (and the voltage V ) may be connected to a device to 

o 

be activated, such as the EFI circuit 206 of Fig. 2. 
[0049] Referring to Fig. 5, yet another embodiment of a micro- 
switch 600 includes two parallel plates 602 and 604 with 
a dielectric layer 610 between the parallel plates. A di- 
electric layer is an electrically insulating layer. The dielec- 
tric properties of the dielectric layer 610 can be modu- 
lated by an electrical energy in the form of a trigger volt- 
age or current to provide a conductive path between the 
two conductive plates 602 and 604. A conductive line 606 
may be formed over the conductive plate 604, with an in- 
sulator layer 607 between the line 606 and conductive 
plate 604. The dielectric layer 610 separating the conduc- 
tive plates 602 and 604 may be a dielectric solid, liquid, 
or gas. The line 606 when supplied with a trigger current 



causes the dielectric layer 610 to break down and provide 
a conductive path between the conductive plates 602 and 
604. 

[0050] | n operation, a drive voltage V is applied to the con- 
drive 

ductive plate 602 with the conductive plate 604 coupled 
to a device to be activated. When a trigger current I is 

trigger 

applied to the line 606, the dielectric layer 610 breaks 

down and the voltage V is conducted through the con- 
drive 

ductive path from the conductive plate 602 to the other 
conductive plate 604 which raises the voltage, V to the 

o, 

drive voltage V 

drive 

[0051] Referring to Fig. 6, a micro-switch 700 according to an- 
other embodiment includes a bistable microelectrome- 
chanical switch 700. The switch 700 includes a contact 
plate 706 that is maintained at a neutral position (i.e., in- 
active position) when a drive voltage V is applied. The 

drive 

contact plate 706 is positioned at substantially a mid- 
plane between plates 702 and 704. The plates 702 and 
704 are each driven to V which maintains the contact 

drive 

plate 706 at its neutral position. When activation of the 
micro-switch 700 is desired, a trigger voltage V is 

trigger 

added to one of the plates 702 or 704 to increase the 
voltage to V + V . This creates an electrostatic 

drive trigger 



force that causes an imbalance in the switch, which moves 
the plate 706 to contact the plate 704. The contact plate 
706 at its base end is attached to a support column 710. 
In one embodiment, the contact plate 706 and support 
column are integrally formed with a metal to provide a 
cantilever. The cantilever is adapted to bend by applica- 
tion by an electrostatic force. When the cantilever plate 
706 contacts the plate 704, the voltage V + V is 

drive trigger 

communicated to the cantilever plate 706. 

[0052] Referring to Fig. 7A-7D, another embodiment of a micro- 
switch 800 is illustrated. Fig. 7A is an exploded side view 
of the micro-switch 800, including an upper substrate 
802 and a lower substrate 804. Structures may be formed 
on each of the substrates 802 and 804. Fig. 7B shows a 
top view of the lower substrate 804, and Fig. 7C shows a 
bottom view of the upper substrate 802. A conductive 
plate 806 and an upper dielectric layer 810 are deposited 
on the upper substrate 802. A lower conductive plate 808 
is formed over the lower substrate 804, and a lower di- 
electric layer 812 is formed over the lower conductive 
plate 808. In addition, a triggering electrode 814 is 
formed over the dielectric layer 812. 

[0053] As shown in Fig. 7C, the dielectric layer 810 has a portion 



cut away to form a window exposing the upper conductive 
plate 806. Similarly, as shown in Fig. 7B, the dielectric 
layer 812 has a portion cut away to form a window expos- 
ing the lower conductive plate 808. 

[0054] As shown in Fig. 7A, the upper substrate 802 is flipped to 
an upside down position. When the upper and lower sub- 
strates 802 and 804 and attached structures are electri- 
cally contacted to each other, the structure of Fig. 7D is 
achieved. The fabrication of the structure may be per- 
formed in a chamber filled with inert gas (e.g., Argon) so 
that the gap 816 formed as a result of bringing the two 
substrates 802 and 804 together is also filled with the in- 
ert gas. The gap 816 can also be filled with another gas, 
such as Nitrogen, Helium, Neon, Xenon, oxygen, air, or 
other gases. The gap 816 can also be filled with a mixture 
of different gases. Alternatively, the gap 816 may be filled 
with another dielectric element, such as a liquid or solid 
dielectric. The dielectric material is selected to break 
down upon application of a predetermined voltage or cur- 
rent trigger signal. 

[0055] | n operation, a trigger voltage is applied to the trigger 

conductor plate 814 that breaks down the insulator in the 
gap 816 to provide a conductive path between the upper 



conductive plate 806 and the lower conductive path 808, 
thereby closing the micro-switch 800. 

[0056] Referring to Fig. 8, according to another embodiment, a 
MEMS switch 400 may include electrical contacts 404, 
406, 408, and 410 separated by gaps 420 and 422. Con- 
tacts 404 and 406 are electrically coupled to lines 416 
and 418, respectively, which terminate at electrodes 412 
and 414, respectively. The electrodes 412 and 414 may be 
electrically contacted to corresponding components, such 
as to an energy source and a device to be activated by the 
energy source. The contacts 404 and 406 are slanted to 
abut against contacts 408 and 410, respectively, when the 
contacts 408 and 410 are moved upwardly by an actuator 
member 402. The actuator member 402 may be moved by 
application of a trigger voltage, for example. When the 
contacts 404, 406, 408, and 410 are contacted to one an- 
other, an electrically conductive path is established be- 
tween the electrodes 412 and 414. Movement of the actu- 
ator member 402 may be accomplished by using MEMS 
gears (not shown). 

[0057] The contacts 404, 406, 408, and 410 may be formed of 
metal or some other electrically conductive material. The 
switch 400 may be formed in a semiconductor substrate, 



such as silicon. 

[0058] pig. 9 shows a micro-switch 900 according to yet another 
embodiment. The micro-switch 900, similar to the micro- 
switch depicted in Figs. 7A-7D, includes a gap 902 
(referred to as a spark gap) that contains an electrically 
insulating or dielectric material (i.e., a gas, liquid, or a 
solid). Effectively, the gap 902 in the micro-switch in- 
cludes a sealed chamber, according to one embodiment. 
In other embodiments, the gap 902 is not sealed, but 
rather can be exposed to other portions of a tool or pack- 
age in which the micro-switch 900 is located. 

[0059] if the spark gap 902 is filled with gas, the gas may include 
nitrogen, argon, helium, xenon, oxygen, neon, air, or 
some mixture of gases. Unlike the arrangement depicted 
in Figs. 7A-7D (in which conductive plates 806 and 808 
are vertically arranged, in opposition on either side of the 
spark gap 816, as shown in Fig. 7D), the micro-switch 
900 of Fig. 9 uses laterally arranged conductors 904 and 
906. Each conductor 904 and 906 is an electrically con- 
ductive plate formed on an electrically insulating support 
structure (substrate 910). A portion of the spark gap 902 
is provided between sides 907 and 908 of respective con- 
ductors 904 and 906. The substrate 910 on which the 



conductors 904 and 906 are formed may be made of an 
electrically insulating or dielectric material such as ce- 
ramic, silicon, glass, and so forth. 

[0060] a cover 912 is provided over at least a portion of the con- 
ductors 904 and 906 and the substrate 910. Sealing ele- 
ments 914 and 916 are provided between the lower sur- 
face of the cover 912 and upper surfaces of the conduc- 
tors 904 and 906. The sealing elements 914 and 916 are 
provided for embodiments that employ a gas or liquid in 
the spark gap 902. The sealing elements 914 and 916 can 
be omitted for embodiments that employ a solid dielectric 
in the spark gap 902. 

[0061] | n addition to the region between sides 907 and 908 of 

conductors 904 and 906, the spark gap 902 also includes 
a region between the sealing elements 914 and 916 and 
between the underside of the cover 912 and the upper 
surface of the conductors 904 and 906. 

[0062] The conductor 904 is connected to an input voltage 

source, while the conductor 906 is connected to a compo- 
nent to be activated when the micro-switch 900 closes. In 
the context of the Fig. 2A example, the input voltage 
source to the micro-switch 900 is provided by the capaci- 
tor 202, while the output (conductor 206) of the micro- 



switch 900 is connected to the EFI 206. In general, the 
micro-switch 900 connects an input electrical energy 
source to a component to be activated by the input elec- 
trical energy, where the micro-switch 900 is configured to 
close (conduct through the spark gap 902) in response to 
the input electrical energy exceeding a predetermined 
threshold (e.g., greater than a predetermined voltage). 

[0063] jo activate the micro-switch 900, a sufficiently high input 
voltage is applied to the conductor 904. The applied volt- 
age of greater than a predetermined voltage threshold 
level causes the gas in the spark gap 902 to ionize 
(breakdown), which causes a transfer of electrical energy 
through the micro-switch from one conductor, 904, to the 
other, 906. In some embodiments, the predetermined 
voltage level at which breakdown occurs is about 700 
volts. Therefore, application of an input voltage greater 
than or equal to 700 volts causes breakdown of the gas. 
The relatively high breakdown voltage is suitable for well 
applications, and also for seismic and mining applications. 
The breakdown voltage is a function of the type and pres- 
sure of gas employed, the distance between conductors 
across the spark gap, and other factors, presented below. 

[0064] The breakdown of the dielectric gas in the spark gap 902 



occurs according to a stochastic process. The stochastic 
process can vary according to (1) surface roughness or 
imperfections of the conductors 904 and 906 where 
charge builds up, (2) non-localized charge accumulation, 
and (3) surface changes, or erosion damage as the micro- 
switch is tested prior to use. These uncertainties produce 
variability of the exact location of the end points of the 
ionic discharge, which affects the arc-path length through 
the spark gap 902. This in turn causes uncertainty in the 
precise value of the discharge voltage. Also, contaminants 
such as moisture, chemical impurities or pollutants, within 
or on the surface of the conductor and other materials can 
also give rise to variable discharge voltage. In addition, 
there is variability in the dielectric gas caused by the im- 
purities or contaminants within the gas itself as well as 
random motion and temperature of molecules of the gas. 
[0065] Variability of the dielectric gas can be stabilized in a num- 
ber of ways, such as by including radioactive material in 
or around the spark gap 902. Presence of radioactive ma- 
terial excites molecules in a more determined and pre- 
dictable motion (i.e., ionizing radiation or excitation by 
beta particle emission). A small amount of radioactive gas, 
such as tritium, can be mixed into the gas in the spark 



gap 902, as one example. Alternatively, solid radioactive 
materials can be spotted inside or outside of the spark 
gap 902. Examples, of radioactive materials include iso- 
topes of Chromium, Thorium, Potassium, Uranium, Nickel, 
or minerals which contain rich proportions of such mate- 
rials; for example, Thorite (Th(SiO )), Uranite or certain 
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rock salts (KCI). Appropriately small amounts of Thorium 
or Potassium (or naturally occurring minerals or rock salts 
containing rich proportions of such materials) have the 
added benefit of limiting radioactivity within acceptable 
bounds that may qualify as being exempt from special 
transportation and handling requirements in environmen- 
tal regulations. 

[0066] pig. 10 is a top view of the micro-switch 900. In this view, 
it is assumed that the cover 912 is transparent so that the 
structure underneath the cover 912 can be seen. Each of 
the conductors 904 and 906 has a curved side 930 and 
932, respectively. This curved geometry (of the sides 930 
and 932) of the conductors 904 and 906 localizes dis- 
charge points on the conductors 904 and 906 to improve 
predictability in the arc path across the spark gap 902. As 
depicted in Fig. 10, the curved sides 930 and 932 of the 
conductors 904 and 906 face each other across a portion 



of the spark gap 902. Instead of, or in addition to, using 
radioactive materials, the curved sides 930 and 932 of the 
conductors 904 and 906 can be used to reduce variability 
of discharge points on the conductors 904 and 906. 

[0067] pig. 11 shows another embodiment of a micro-switch 

920, which is substantially similar in arrangement as the 
micro-switch 900 depicted in Fig. 9 (components of the 
micro-switch 920 that are the same as components of the 
micro-switch 900 bear the same reference numbers). The 
difference in the micro-switch 920 is the presence of a 
trigger electrode, shown in alternate locations as 922A, 
922B, or 922C. Only one of the trigger electrodes 922A, 
922B, and 922C need be present for effective operation. 
Alternatively, more than one of the trigger electrodes 
922A, 922B, and 922C can be present. The trigger elec- 
trode 922B is located within the spark gap 902, and is 
formed on the surface of the substrate 910 between sides 
907 and 908 of respective conductors 904 and 906. The 
trigger electrode 922A is placed on an upper surface of 
the cover 912 (outside the spark gap 902). The trigger 
electrode 922C is placed on a lower surface of the sub- 
strate 910, also outside the spark gap 902. 

[0068] | n operation, a voltage is applied to the conductor 904. 



The voltage applied to conductor 904 is below the break- 
down voltage that would cause ionization of the gas in the 
spark gap 902. To activate the micro-switch 920, a volt- 
age pulse is applied to the trigger electrode 922 (one or 
more of electrodes 922A, 922B, and 922C). This voltage 
pulse causes the breakdown of the gas contained in the 
spark gap 902, thereby allowing electrical current to flow 
between conductors 904 and 906. In alternative embodi- 
ments, instead of a gas in the spark gap 902, a dielectric 
liquid or solid can be used instead. 
[0069] Another stabilizing technique to reduce variability in the 
location of discharge points on conductors across a spark 
gap is to provide limited openings, such as limited open- 
ings 942 and 944 in a micro-switch 940 depicted in Fig. 
12. The micro-switch 940 includes conductors 946 and 
948, which are electrically conductive plates formed on a 
substrate 950. In addition, a solid dielectric layer 952 
(with openings 942 and 944 formed in the dielectric layer 
952) is disposed over the conductors 946 and 948. A 
middle portion of the dielectric layer 952 extends down- 
wardly to fill a region between the sides 954 and 956 of 
the conductors 946 and 948, respectively. A cover 958 is 
disposed over the arrangement of the dielectric layer 952 



and conductors 946 and 948. Sealing elements 958 and 
959 are provided between the cover 957 and the dielectric 
layer 952 to provide sealing for a dielectric gas or dielec- 
tric liquid in a spark gap 941 defined by the cover 957, 
sealing elements 958 and 959, and conductors 946 and 
948. 

[0070] The spark gap 941 of the micro-switch 940 is filled in 
part by the solid dielectric layer 952. The openings 942 
and 944 provided in the dielectric layer 952 enhance pre- 
dictability in discharge points on the conductors 946 and 
948. 

[0071] | n operation, if a sufficient voltage is applied to conductor 
946, ionization of the gas occurs such that a discharge 
path extends from the conductor 946 through the open- 
ing 942. The discharge path travels through the space 
(which contains a dielectric gas or liquid) of the spark gap 
941 above the dielectric layer 952 but below the cover 
957 and through the other opening 944 to the other con- 
ductor 948. 

[0072] pig. 13 shows another micro-switch 960, which is identi- 
cal to the micro-switch 940 of Fig. 12 except that a trig- 
ger electrode 962 is provided in a space defined in a por- 
tion of the dielectric layer 952. To operate the micro- 



switch 960, a voltage is applied to the conductor 948, 
with the voltage maintained at a level less than the break- 
down voltage of the dielectric gas or liquid in the spark 
gap 941. A voltage pulse is applied to the trigger elec- 
trode 962 to cause breakdown of the dielectric gas or liq- 
uid in the spark gap 941. 

[0073] pig. 14 is a top view of the micro-switch 960 depicted in 
Fig. 13. As shown in Fig. 14, the cover 957, and the di- 
electric layer 952, are assumed to be transparent, for the 
purpose of this description, so that structures underneath 
such layers can be seen. The top view shows positions of 
the openings 942 and 944, as well as the position of the 
trigger electrode 962 that extends between conductors 
946 and 948. The conductors 946 and 958 have curved 
sides 947 and 949 that face each other across a portion of 
the spark gap 941. 

[0074] According to another embodiment, as depicted in Fig. 15, 
a micro-switch 970 uses nanotube electron emitters 972 
and 974. Alternatively, instead of nanotube electron emit- 
ters, radioactive isotope electron emitters can be used. 
The micro-switch 970 is similar in structure to the micro- 
switch 940 of Fig. 12 except for the addition of the nan- 
otube electron emitters 972 and 974 in the micro-switch 



970. The nanotube electron emitters 972 and 974 are 
formed on a surface of respective conductors 946 and 
948 in respective openings 942 and 944. The nanotube 
electron emitters 972 and 974 help to stabilize the loca- 
tion and enhance the predictability of the discharge path 
through the spark gap 941. In effect, the nanotube elec- 
tron emitters function as micro-miniature lightening rods. 
The ends of nanotubes concentrate and intensify the local 
electric field gradient thereby stimulating the ionization of 
nearby molecules of gas. Electrons are emitted very easily 
from the ends of the nanotube electron emitters. The 
nanotube electron emitters 972 and 974 are also electri- 
cally conductive, and are formed on the conductors 946 
and 948 such that the nanotube electron emitters 972 and 
974 electrically contact the conductors 946 and 948, re- 
spectively. 

[0075] Carbon nanotubes (CNT) are seamless tubes of graphite 
sheets. A nanotube structure is basically a very small tube 
that has a wall thickness on the atomic scale. For exam- 
ple, a CNT is a tube in which the walls are formed of car- 
bon molecules, where the wall thickness can be one 
molecule deep. CNTs were first discovered as multi-layer 
concentric tubes (i.e., multi-walled carbon nanotubes, 



MWCNT). Subsequently, single-walled carbon nanotubes 
(SWCNT) were prepared in the presence of transition metal 
catalysts. Embodiments of the invention may use SWCNT, 
MWCNT, or a mixture of the two. CNT have shown 
promising potentials in applications including, for exam- 
ple, nano-scale electronic devices, high strength materi- 
als, electron field emission, tips for scanning probe mi- 
croscopy, and gas storage. 
[0076] M a j n approaches to the synthesis of CNT include: laser 
ablation of carbon, electric arc discharge of graphite rod, 
and chemical vapor deposition (CVD) of hydrocarbons. 
Among these approaches, CVD coupled with photolithog- 
raphy has been found to be the most versatile in the 
preparation of various CNT devices. In a CVD method, a 
transition metal catalyst is deposited on a silicon wafer in 
the desired pattern, which may be fashioned using pho- 
tolithography followed by etching. The silicon wafer hav- 
ing the catalyst deposits is then placed in a furnace in the 
presence of a vapor-phase mixture of, for example, xy- 
lene and ferrocene. Carbon nanotubes typically grow on 
the catalyst deposits in a direction normal to the substrate 
surface. Various carbon nanotube materials and devices 
are now available from commercial sources, including 



Molecular Nanosystems (Palo Alto, CA) and Bucky, USA 
(Houston, TX). 

[0077] other CVD methods include methods for preparing carbon 
nanotubes on silica (Si02) and silicon surfaces without us- 
ing a transition metal catalyst. According to such meth- 
ods, areas of silica (Si02) are patterned on a silicon wafer, 
by photolithography and etching. Carbon nanotubes are 
then grown on the silica (Si02) areas in a CVD or a 
plasma-enhanced CVD (PECVD) process. These methods 
permit the production of carbon nanotube bundles in var- 
ious shapes. Carbon nanotubes suitable for embodiments 
of the invention may be prepared according to this 
method. 

[0078] As noted above, carbon nanotubes have unique physical 
and electrical properties. As electron field emitters, car- 
bon nanotubes have the characteristics of low work func- 
tion, durability, and thermal stability. Accordingly, an 
electron field emitter based on CNT can be driven at rela- 
tively low voltages. In addition, the chemical resistance of 
such devices to reactions with gases, which may be gen- 
erated during the operation of the device, is improved, 
thereby increasing the life span of the emitters. 

[0079] with the nanotube electron emitters 972 and 974, reliable 



firing of the spark gap 941 is provided by making use of 
the efficient and stable electron emission properties of the 
nanotube electron emitters. In one embodiment, the nan- 
otube electron emitters are carbon nanotube electron 
emitters. Alternatively, boron nanotube electron emitters 
can be used. Electrons can be emitted very easily from the 
ends of the nanotube electron emitters. 

[0080] pig. 16 illustrates yet another micro-switch, which is 
identical to the micro-switch of Fig. 7D except for the 
provision of a dielectric layer 980 (on a surface of con- 
ductive plate 806) and a dielectric layer 982 (on a surface 
of conductive plate 808). Each dielectric layer 980 and 
982 includes an opening in which are provided respective 
nanotube electron emitters 984 and 986. The nanotube 
electron emitters 984 and 986 provide for a more pre- 
dictable arc-path across the spark gap 816. 

[0081] pig. 17 shows an arrangement of multiple nanotube elec- 
tron emitters that can be provided on each of the conduc- 
tors 946 and 948 (Fig. 15). The nanotube electron emit- 
ters can be uniformly and precisely positioned on each of 
the conductors 946 and 948. The high degree of unifor- 
mity at the nanometer scale results in very tight tolerance 
in the electron potential design, or breakdown threshold 



voltage, of the nanotube electron emitters when compared 
to the micrometer-scale surface defects present on metal 
or other electrically conductive electrodes. 

[0082] Nanotube electron emitters oriented such that their 

longest dimensions are aligned with an electric field pro- 
vides superior performance. Nanotube electron emitters 
can also be used in the micro-switches 900, 920, and 960 
depicted in Figs. 9, 11, and 13, respectively. 

[0083] Benefits of the various micro-switches disclosed may in- 
clude the following. Generally, the micro-switches may be 
implemented in relatively small assemblies, which im- 
proves the efficiency of the switches due to reduced resis- 
tance and inductance. Further, some of the micro- 
switches may be integrated with other components, such 
as energy storage capacitors, and other devices, such as 
EFI circuits, to form an overall package that is reduced in 
size. Reliability and safety of the switches are enhanced 
since explosives or mechanical actuation as used in some 
conventional switches are avoided. 

[0084] while the invention has been disclosed with respect to a 
limited number of embodiments, those skilled in the art 
will appreciate numerous modifications and variations 
therefrom. It is intended that the appended claims cover 



all such modifications and variations as fall within the true 
spirit and scope of the invention. For example, other 
switch configurations using micro-elements may be used. 



